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Precision neutrino physics has entered a new era  

both with pressing questions to be addressed at short and long baselines, 

and with stringent performance requirements to be fulfilled by the detector

in the US 
a precise technology choice 

for a state-of-the-art fine-grained, high-resolution neutrino detection method  
has been made: 

the Liquid Argon Time Projection Chamber 

(LArTPC)

short&mid term 
outlook  
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Scint. Light & PMT’s

Recorded Wire Pulses ⇒ 

hit time and amplitude

Hits in 
wire 

signals

2D views

Full 3D Image

(Neutrino) interactions inside the LAr-TPC produce charged particles ⇒ Ionization Charge & VUV Scintillation Light

- Prompt Scintillation Light is detected (after VUV-Vis w.l. down-conversion) by array of PMTs.
       *  Scintillation light collected by PMTs is used for Triggering.

- Free Ionization electrons tracks in EF drift towards anode planes of wires (signal read-out by low-noise charge amplifiers and fast ADCs).
*   Track segments induce hits on corresponding wires: the wire coordinate in the wire plane provide hit position. 
*  Multiple (≥ 2) non-destructive wire-planes can be utilized ➠ (x,y) coordinates. 

               *   Timing of pulse (T0 of event from prompt Scint.Light in PMTs ⊕ drift velocity vd in LAr) determines the hit drift coordinate ➠ (z)  

     ⇒ Multiple 2D views (x,z), (y,z) ⇒  Full 3D Image reconstruction.
*  Collection of the ionization charge on wires of the last plane (hit amplitude) measures the deposited energy  
            ⇒ Calorimetric Information and Ptcl.Identification 
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The path to 
Lar Detectors for ν-Physics

LAr in 
 USA

since 
2006

FNAL

FNAL

LArSoft
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Reconstructed+Neutrino+Energy=+3.1+GeV+

+++++Full+neutrino+event+reconstruc:on+with+3D+ArgoNeuT@MINOS+ND+track+matching+

µ@+escaping+ArgoNeuT+(and+reaching+MINOS@ND+downstream)+

Proton+(ArgoNeuT+reconstruc:on):++

Proton+(ArgoNeuT+reconstruc:on):+

track+length=+10.88+cm,++

T=118+MeV,+p=0.485+GeV/c++

muon+

proton+

muon+

pr
ot
on
+

+GEANT4- MC predictions  
π"
κ"
π"
µ"

Neutrino+event+reconstructed+in+3D+space+

Muon+(ArgoNeut+MINOS+reconstruc:on):+++p=2.85+GeV/c+

Reconstruc:on+of+ArgoNeuT+CCQE+events+state-of-the-art neutrino detection method‣ ArgoNeuT
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C u r r e n t  d e v e l o p m e n t s 
o n  L A r  T e c h n o l o g y

Main Lines of Development

•[LAr Purity (materials’ compatibility & selection) and LAr Purification]

• Ionization Charge signal extraction: alternatives to wires 

• Scintillation Light signal extraction     (the most promising line of development)

• Electron Charge Drift over long distance

• Cryostat Insulation schemes and developments

• Cold read-out electronics vs. Warm electronics 

• Event Reconstruction and Off-line code developments 

• LAr Response Characterization:
                   Charge recombination and calorimetry
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LArTPC ResponseCharacterization
at the FNAl Test BeamS Facility

required for a range of energies - O(0.5-5.) GeV - relevant to forthcoming 
experiments like MicroBooNE, and to future experiments like LAr1 and 

Long baseline LAr detectors at the Intensity Frontier.

A staged program:

Phase-1: Single track reconstruction: 
”calibration” = charge to energy conversion 

i.e. determination of the charge Recombination factors for
Proton identification  and  p to K separation 

Kaon identification and  K to π/μ separation 

                           and study of
Electron to γ ( →e+ e- pair) separation

Phase-2: Collective topology reconstruction
”calibration” = detected energy to incident energy conversion 

i.e.   e → el.m. cascade: size and features
                                         π → hadron cascade: invisible component and features

                        and   e/π Ratio
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Calibration is a critical step to understanding the detector output 

FNAL test beam (FTBF) is an ideal Facility, providing a range of known 
energies (with secondary and low momentum tertiary beam lines) and a 
selection of particles of different types and both polarity.

It also provides a controlled 
environment in which to tune 
simulations and to develop tools 
for particle identification (PID), 
calorimetry, and event 
reconstruction (without relying 
solely on simulation).

Lar Detector Test Beam Calibration AT FNAL (FTBF)

M-Center:             
a permanent 

testbeam 
facility for 

LAr detectors
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Phase 1 (2013/14): Single track reconstruction
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Needs: 

pure low momentum (tertiary) beam of muons, pions, kaons, and 
protons that penetrate, slow down and stop in the LAr Volume.

⇒ small volume LArTPC Detector (argoNeuT).

FTBF Tertiary Beam
(from MINERvA set-up)
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Main Goals:
(1) precise measurements of electron-ion recombination in 
argon over an extended range of energy deposition (dE/dx), 
for different electric fields, and at different track-to-
electric-field angles. 

Precision in charge deposition reconstruction along the track 
is fundamental 

for Calorimetry and Particle Identification 

Phase 1 (2013/14): Single track reconstruction
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Main Goals (continued):
(2) direct measurement of electron to γ ( →e+ e- pair) separation with LarTPC

e-
2GeV

e-

 ⇒ el.m. shower (≃ 1.5 GeV) 
1 X0

γ→ e+e-Brems

Phase 1 (2013/14): Single track reconstruction

needed for optimization and 
direct test of 

e/γseparation 

from MC simulations

“Photon Beam” generated 
by brems from electron 
beam on 1X0 preshower

A. Szelc
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- Scintillation Light Collection

    (HQE PMT array in LAr ⊕ wls film 

                      on Reflector surface)

     complementary to charge for evt. recosntruction 

- warm vs. cold electronics:

         test and characterization

          for wire Signal-to-Noise improvement

- pbar beam (low mom.): hadron star topology study from ppbar annihilation in Ar 

(relevant for nnbar oscillation search with future LArge LArTPC detectors)

Phase 1 (2013/14): Single track reconstruction
Other goals:

π, K,.. multiplicity  in
hadron stars with

LAr imaging detector

LArTPC
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THE Detector for Phase-1
ArgoNeuT 

from NuMI to FTBF 

Beam Window
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Final state ptcl.s (Hadrons and electrons) from NuMI-LE/Booster neutrino 

interactions induce “low-populated cascades”.

Phase 2 (>2014): Collective Topologies reconstruction

ICARUS T600 events (cosmics at surface)

Main goal of phase-2 at FTBF is to determine the 
“invisible budget” in the total deposited energy 
for each type of particle as a fcn. of its incident 
energy (contributions from soft γ’s, neutrons, 
binding energy, neutrinos,...)
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MC study for Phase2:
low energy/low trk multiplicity 

cascades
from electrons and pions

1.5 GeV electron cascade

1.2 GeV pion 

(A.Szelc-Yale)
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Phase 2 (>2014): Collective Topologies reconstruction

t95% = 13.5 X0 [=190 cm]  (for ~1 GeV electron) 

tmax = 2.5 X0 [=35 cm]      (for ~1 GeV electron) 

εc=30 MeV 

R95% = 22 cm   (about 2 RM)

X0=14 cm 

• The elm. energy deposition mechanisms are very 
well known (⇒ MC simul. very reliable):

 In LAr a substantial fraction of incident energy 
(≈30% - depending on incident energy) goes into 
soft electrons (< 2 MeV) 

• How well the incident energy can reliably be 
reconstructed with a LArTPC ? 
    this can be established (only) by test-beam data  

LArTPC is an imaging detector, but also acts as a homogeneous calorimeter.

The possibility to develop "TPC/imaging-aided calorimetric measurements"
may open a new way to investigate energy deposition mechanisms at 

unprecedented level of detail.

electrons in LAr hadrons in LAr
•   Development at λint scale rather than X0 

scale (for LAr λint ≈ 5 X0 ≈ 80 cm) ➠ 
Containment more difficult

The fraction felm (%) going to elm fluctuates heavily 
(after first generation 〈 felm〉≈ 25 %) and is 

energy-dependent 

A fraction fn  is carried by “soft” neutrons 
(few tens n/GeV, 〈 felm〉≈ 10 %).

A fraction finv (%) is practically undetectable
〈 finv〉 = ?? in LAr (presumably ≈ 10 %)

In LAr felm,  fn,  finv  were never measured -               
only inferred by MC.
     these can be established (only) by test-beam data
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B. Rebel (PAC Meeting - Aspen, June 19, ’12)

THE 
Detector

 for 

Phase-2
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L’Aquila U.

a  new internat ional  collaborat ion  is  be ing  formed 
(at  present  includes  groups  from US,  UK ,  I t )

L A r T P C  R e s p o n s e  C h a r a c t e r i z a t i o n
a t  F N A l  T e s t  B e a m S  F a c i l i t y
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toward the intensity 
frontier

‣ MicroBooNE    ≥ 2014 @ Booster (FNAL)      

                       under construction            
                        

‣ LAr1 ≥ 201? @ Booster (FNAL)

     (LoI - PAC Meeting, Aspen - June 19, ’12)

addressing 
the short-baseline anomalies at FNAL 
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‣ MiniBooNE experiment observed an excess (3σ) 
    of low-energy (200 MeV - 475 MeV) 
    events in neutrino mode

‣ The excess events are electron-like: 
    e-/γ

‣ MiniBooNE (CerenkoV detector)
    cannot distinguish between electrons 
    and photons, e.g. 

   

20

MiniBooNE: The low-energy excess (ν-mode)

29

Need of a new detector 
(new technology) 

to address the MiniBooNE low-energy 
excess
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‣ MicroBooNE

21

ν	
  beam

Collaboration:
BNL,Columbia,FNAL,
KSU,LosAlamos,MIT,

MSU,Princeton,
StMarys,

Syracuse,Cincinnati,
Texas, Yale*

Under 
Construction

Commissioning: 
early 2014
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‣ MicroBooNE

WBS$1.6$Experiment$Infrastructure$
7$which$is$the$Interface$to:$
LArTF$GPP$Project$677782$

Dixon&Bogert&

�����
��
	�������&

January&18,&2012&

March,’12 May,’12

June,’12 ...after Summer,’12
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‣ MicroBooNE
Detector Components under fabrication
(e.g.: wire production completed TODAY !)

Orders placed for main cryogenics and detector elements 

Construction at FNAL 
starting during summer ’12,

(completion by early ’14) 
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‣ M i c r o B o o N E :

24

t h e  p h y s i c s  c a s e

MC-evt : electron shwr

MC-evt: π0→ 2 𝛾→𝜸 (e+e-) shwr

(A.Szelc-Yale)
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‣ LAr1 at FNAL Booster
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‣ LAr1 at FNAL Booster
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‣ LAr1 at FNAL Booster
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‣ LAr1 at FNAL Booster
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‣ LAr1 at FNAL Booster
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‣ LAr1 at FNAL Booster

27Thursday, 21June , 2012



‣ LAr1 at FNAL Booster
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‣ LAr1 at FNAL Booster
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‣ LAr1 at FNAL Booster
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‣ LAr1 at FNAL Booster
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‣ LAr1 at FNAL Booster
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The FNAL Program is very reach:

strong effort for definitive assessment of the 
LarTPC technology (the beam test program)

the SBL program with MicroBooNE (for 
MiniBooNE ν-anomaly) and LAr1 for anti-ν-
anomaly)

all this can contribute in opening the way 
toward the Intensity Frontier neutrino 
program with Project X.

Conclusions
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• LAr Purity (contaminants and materials’ compatibility) and LAr Purification

MTS@ FNAL
Material Test Stand

• materials submerged in LAr do not decrease LAr purity
• materials in vapor give off water ➠ LAr contaminate (out-gassing rate fcn. of T)
•  Cold capacity test of Molecular sieves (for H2O) and of new filters (for O2) under way

 

• Current operating systems use evacuation as 
a first step to achieve purity 
• Want an alternative for large vessels:         
GAr purging  (use a GAr piston for several 
volumes exchange)
➠ goal < 50 ppm contamination 
  (test under way)

LAPD @ FNAL - LAr Purity Demonstrator

Effects of 
O2, N2 

Contamination 
in LAr

CryoLab@ LNGS
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• Alternatives to wires for ionization charge signal extraction

• LEM: Double phase Argon Large Electron 
Multiplier  TPC concept provides a 3D-
tracking and calorimetric device capable of 
adjustable charge amplification.

LAr LEM-TPC
@ CERN (ETH)

from concept to 
real detector

• It is a promising readout 
technology for next 
generation ν-detectors 
(fine spatial resolution, 
large active area and gain 
of the order of 10) and for 
Dark Matter detectors

•MM: MicroMega 
concept under 

study
@ CEA-Saclay ⊕ 

ETH 

➠
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S c i n t i l l a t i o n  L i g h t  s i g n a l 
c o l l e c t i o n  &  r e a d - o u t 

VUV LAr Scintillation light (128 nm) needs to be shifted (to Vis) 
before collection at photosensitive detector areas: 

➠ LAr volume surrounded with a highly reflecting layer coated by a thin 
wls-TPB film (high Light Yield)

➠ photosensitive detector surface coated by wls-TPB film (easier but 
lower Light Yield)

Optical systems w/
HQE-PMT 

CryoLab @ LNGS 

LightGuide 
concept 

development and 
test @ MIT

About 50% of  the energy deposited by charged ptcl.s in LAr goes 
into Scint. photons: simultaneous and full exploitation of both 

Charge and Light signals will be the main line of development of 
the LAr tech.
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E l e c t r o n  c h a r g e  d r i f t  o v e r 
L o n g  D i s t a n c e

The	
  capability	
  of	
  driCing	
  ionizaFon	
  electrons	
  on	
  long	
  distances	
  (3-­‐5	
  m)	
  plays	
  a	
  
key	
  role	
  in	
  view	
  of	
  the	
  construcFon	
  of	
  very	
  large	
  mass	
  neutrino	
  detectors.

Two	
  independent	
  groups	
  are	
  acFvely	
  working	
  on	
  5	
  m	
  long	
  driC	
  tests.	
  

ARGONTUBE
@	
  Bern

-­‐	
  First	
  Cold	
  Test	
  Succesful
⊕

medium	
  ARGONTUBE	
  
a	
  bench-­‐test	
  for	
  the	
  ARGONTUBE	
  
performed	
  in	
  2009-­‐10:
-­‐	
  test	
  of	
  new	
  RecirculaFon	
  system	
  based	
  
on	
  bellow-­‐pumps
-­‐	
  Purity	
  monitor	
  using	
  a	
  laser	
  beam
-­‐	
  	
  test	
  of	
  	
  new	
  	
  high	
  voltage	
  generator	
  
based	
  on	
  a	
  chain	
  of	
  recFfying	
  cells	
  
-­‐	
  test	
  of	
  new	
  Front-­‐end	
  pre-­‐amplifiers
	
  

5mDRIFT
@	
  CERN	
  -­‐	
  by	
  UCLA

First technical test performed in Mar’11
- very low heat load
- HV test up to 125 kV (1/2 of nominal)
- first Ionization Signals detected
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C r y o s t a t  I n s u l a t i o n  S c h e m e s  a n d 
D e v e l o p m e n t s

LAr-LBNE @ FNAL

LAGUNA @ ETH

LNG Storage Tank
(UnderGround)LNG Tanker with Membrane 

containment systems

Current vacuum insulation (double StSteel wall with SuperInsulation) or hybrid solutions(passive/active insulation) 
cannot be “straightforwardly” extended to very large Volumes (tens of kton of LAr mass): new solutions are being 

analyzed (without  a priori excluding Vacuum Insulation)

Vacuum Insulation for very large Volumes: 
LAr-LBNE @ UCLA
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L A r - T P C  S i g n a l  r e a d - O u t : 
C o l d  v s  W a r m  E l e c t r o n i c s

WARM Electronics (ICARUS) @ Padova

5*104 channels.
 analog chain: front-end low noise charge sensitive pre-amplifier, based 
on a BiCMOS dual channel IC with external j-Fet input stage (S/N > 10)
 Digitizing Stage: (32 chs. MUX) 10bit ADC (least count is equivalent to 
1000 e) matching with the amplifier noise of ~1200 electrons. 
 sampling time  400ns per channel.

Icarus choice for warm electronics
 Easily accessible during detector operation
 Large choice of components
 “No limit” on power dissipation (100 mW/cm2 cause LAr boil-off)
 Availability of reliable high-density feed-throughs

DAQ architecture
designed in 1998,
operational since 2001

COLD Electronics  @ Brookhaven & FNAL

CMOS 
technology at 

LAr T
CMOS is “happier” in cryogenic environment
At 77-89K, charge carrier mobility in silicon increases, thermal
fluctuations decrease with kT/e, resulting in a higher gain, higher
gm/I, higher speed and lower noise

Designing CMOS for low power = long lifetime
> 30 years lifetime using design guidelines 
consistent with low power design

Low-noise demonstrated:
• ENC~ 600e- rms at 200pF, ~5mW/ch. (analog part)

Current Development:
single chip, analog FE+ADC+buffer with 128:1 
multiplexing

Entire TPC can have uniform calibrated (<1%) 
charge sensitivity

MicroBoone LAr-TPC at FNAL with COLD 
electronics
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L A r - T P C  S i g n a l  r e a d - O u t : 
C o l d  v s  W a r m  E l e c t r o n i c s

2 

Full size image from Text_1763 http://dbweb3.fnal.gov:8114/Entries/2011/05month/11day/17hour/LArTPC/BO/Log/Text...

1 of 2 5/11/11 23:1 

Full size image from Text_1763 http://dbweb3.fnal.gov:8114/Entries/2011/05month/11day/17hour/LArTPC/BO/Log/Text...

1 of 2 5/11/11 23:1 

Qualitative comparison Warm-Cold preamps 

Compare the noise 

Warm Cold Muon  
tracks 

Warm dual-JFET
Signal for muon parallel to wire planes: 22.7 counts
Noise RMS noise: 1.62 counts

Cold CMOS
Signal for muon parallel to wire planes: 15.6 counts
Noise RMS noise: 0.55 counts

S/N ~ 14

S/N ~ 28

Michigan St. U.
Test @ FNAL (2011)
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ν - e v e n t  r e c o n s t r u c t i o n 
( o f f - l i n e  s w  d e v e l o p m e n t 

a n d  d a t a  a n a l y s i s ) 

SW development represents the most challenging and 
“burning” issue in the present LAr-TPC worldwide effort 

ν-data are available from ArgoNeuT (NuMI-low-
energy) and ICARUS (CNGS-high energy)

LArSoft

Code development @ FNAL
⊕

Yale, Syracuse, MIT, 
MSU, KSU, Nevis 

& LNGS (It), 
Bern (Su),Warwick (UK)

⊕
MicroBooNe

LAr1 & larLAr
LAr-LBNE

det/data simulation

ICARUS

ICARUS  
data analysis

Code development 
@ Milano, Padova, 

LNGS, CERN, 
Katovice, Cracow, Warsaw

QscanArgoNeuT  
data analysis

Initially developed 
(ETH, Granada) for 

Icarus, recent revival for 
T32  LArTPC Test 
Beam data analysis 

(@JPARC)

Code development 
@ ETH, CERN
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L A r  R e s p o n s e 
t e s t b e a m  C h a r a c t e r i z a t i o n

T32	
  @	
  J-­‐PARC
(250	
  lt	
  LArTPC-­‐2010)
ETH,	
  
KEK,	
  Iwate	
  U,	
  Waseda	
  U.

K+/p+	
  PID	
  within
proton	
  decay	
  momentum	
  
region	
  ~	
  350MeV/c	
  

double-­‐phase	
  LAr	
  TPC	
  in	
  a	
  low	
  
energy	
  (0.5	
  –	
  5	
  GeV/c)	
  

ch.ptcl.beam

test	
  of	
  par*cle	
  iden*fica*on,	
  
calorimetry,	
  hadronic	
  secondary	
  
interac*ons

ArgoNeuT @ FTBF (FNAL)

(exisJng)	
  single-­‐phase	
  LAr	
  TPC	
  
in	
  a	
  low	
  energy	
  (0.5	
  –	
  5	
  GeV/c)	
  

ch.ptcl.beam
-­‐	
  precise	
  measurements	
  of	
  
charge Recombination factors 
- electron to γ  separationUnder 

disc
ussi

on

Simulation
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MiniBooNE: The excess in anti-ν-mode
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‣ LAr1 at FNAL Booster
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